We have examined the compact structure in 250 flat-spectrum extragalactic radio sources using interferometric fringe visibilities obtained with the VLBA at 15 GHz. With projected baselines out to 440 million wavelengths, we are able to investigate source structure on typical angular scales as small as 0.05 mas. This scale is similar to the resolution of VSOP space VLBI data obtained on longer baselines at a lower frequency and with somewhat poorer accuracy. For 171 sources in our sample, more than half of the total flux density seen by the VLBA remains unresolved on the longest baselines. There are 163 sources in our list with a median correlated flux density at 15 GHz in excess of 0.5 Jy on the longest baselines; these will be useful as fringe-finders for short wavelength VLBA observations. The total flux densities recovered in the VLBA images at 15 GHz are generally close to the values measured around the same epoch at the same frequency with the RATAN-600 and UMRAO radio telescopes.
INTRODUCTION
Early interferometric observations of radio source structure were typically analyzed by examining how the ampli-tude of the fringe visibility varied with projected interferometer spacing (e.g., Rowson 1963) . Although these techniques for conventional connected interferometers were later replaced by full synthesis imaging incorporating Fourier inversion, CLEAN (e.g., Högbom 1974) , and self calibration (see review by Pearson & Redhead 1984) , the interpretation of the early VLBI observations, again, was based on the examination of fringe amplitudes alone (see Cohen et al. 1975) . Indeed, the discovery of superluminal motion in the source 3C 279 (Cohen et al. 1971 , Whitney et al. 1971 ) was based on single baseline observations of the change in spacing of the first minimum of the fringe visibility. However, after the development of phase-closure techniques, reliable full synthesis images have been produced from VLBI observations for more than 25 years. However, these tend to hide the information on the smallest scale structures, because of the convolution with the synthesized beam (e.g., Figure 1) . A more thorough discussion of non-imaging VLBI data analysis is given by Pearson (1999) .
The best possible angular resolution is needed to study the environment close to supermassive black holes where relativistic particles are accelerated and collimated to produce radio jets.
The greatest angular resolution to date was obtained in observations of interstellar scintillations (e.g., Kedziora-Chudczer et al. 1997 , Macquart et al. 2000 , Kedziora-Chudczer et al. 2001 , Jauncey & Macquart 2001 , Rickett et al. 2001 , Dennett-Thorpe & de Bruyn 2002 , Kraus et al. 2003 , Lovell et al. 2003 ). The resolution achievable with VLBI can be improved by observing at shorter wavelengths (e.g., Moellenbrock et al. 1996 , Lobanov et al. 2000 , Lister 2001 , Greve et al. 2002 or by increasing the physical baseline lengths using Earth-to-space interferometry. The first space VLBI missions (Levy et al. 1989 , Hirabayashi et al. 1998 ) increased the available baseline lengths by a factor of about 3. Planned space VLBI observations such as RadioAstron (Kardashev 1997), VSOP-2 (Hirabayashi et al. 2004) , and ARISE (Ulvestad 2000) , will extend the baselines further.
For simple source structures, a direct study of the fringe visibilities can give a better angular resolution than an analysis of the images reconstructed from these data (e.g., Maltby & Moffet 1962) . In principle, a careful deconvolution of the images should give equivalent results. However, experience has shown that when confronted with even moderately complex images, it is dangerous to attempt to increase the resolution significantly beyond that of the CLEAN restoring beam size; a procedure referred to in early radio astronomy literature as "super resolution".
In two previous papers (Kellermann et al. 1998 , hereafter Paper I, and Zensus et al. 2002 , hereafter Paper II) we have described the sub-milliarcsecond scale structure of 171 active galactic nuclei, based on naturally weighted images made from observations with the VLBA (Napier et al. 1994 ) at 15 GHz. In addition, in Paper II we have placed more restrictive limits on the sizes of unresolved sources by direct analysis of the fringe visibilities. In a third paper (Kellermann et al. 2004 , hereafter Paper III) we have reported on the observed motions in the jets of 110 of these sources during the period 1994 to 2001.
In this paper, we analyze 15 GHz VLBA observations of the central regions of 250 extragalactic radio sources. We use the visibility function data to study the most compact structures and the way they change with time. The smallest features we are able to discern from these data have an extent of about 0.02-0.06 mas. For the nearest object in our study, 1228+126 (M 87, Virgo A), this corresponds to a linear size of 10 16 cm, or several tens of Schwarzschild radii, if the mass of the central object is 3 × 10 9 solar masses and the distance is 17.5 Mpc. We define our sample in § 2, describe the visibility data in § 3, and the model fitting and analysis in § 4. In § 5 we discuss the results, and the conclusions are summarized in § 6.
Throughout this paper we use the following cosmological parameters: H 0 = 70 km s −1 Mpc −1 , Ω m = 0.3, and Ω Λ = 0.7. We adopt the convention of using the term "quasar" to describe optical counterparts brighter than absolute magnitude −23, and "active galaxy" for the fainter objects.
SAMPLE DEFINITION
Our analysis is based on data obtained during the period 1994-2003 as part of the VLBA 15 GHz monitoring survey of extragalactic sources (Papers I, II, and III, Lister & Homan 2005, E. Ros et al., in preparation) . We have also used additional observations made in 1998 and 1999 by L. I. Gurvits et al. (in preparation) as part of a separate program to compare 15 GHz source structure measured with the VLBA to 5 GHz structure measured in the framework of the VSOP Survey Program , Scott et al. 2004 , Horiuchi et al. 2004 . The program by Gurvits et al. used the same observing and data reduction procedures as the VLBA 15 GHz monitoring survey, and provides both additional sources and additional epochs.
Our dataset consists of 1204 VLBA observations of 250 different compact extragalactic radio sources. The initial calibration of the data was carried out with the NRAO AIPS package (Greisen 1988) , and was followed by imaging with the DIFMAP program (Shepherd 1997) , mostly with the use of an automatic script (Paper I, Paper II). The CLEAN images as well as the visibility function data are available on our web sites 11 . Most of the radio sources contained in our "full sample" of 250 sources have flat radio spectra (α > −0.5, S ν ∼ ν α ), and a total flux density at 15 GHz (often originally estimated by extrapolation from lower frequency data) greater than 1.5 Jy for sources with declination δ > 0
• , or greater than 2 Jy for sources with −20
• < δ < 0 • . However, additional sources which did not meet these criteria but are of special interest were also included in the full sample.
Our full sample is useful for investigating fine scale structure in a cross-section of known extragalactic radio source classes, and for planning future (space) VLBI observations. However, in order to compare observations with the theoretical predictions of relativistic beaming models, it is also useful to have a well-defined sub-sample selected on the basis of beamed, rather than total, flux density. We have there-fore formed a flux density limited complete sample which has been used as the basis of our jet monitoring program since mid 2002, called "The MOJAVE Program: Monitoring Of Jets in AGN with VLBA Experiments" (Paper III, Lister & Homan 2005) . There are 133 sources in the MOJAVE sub-sample. The redshift distribution for these sources ranges up to 3.4 (quasar 0642+449), although most sources have redshifts less than 2.5, with a peak in the distribution near 0.8. Table 1 summarizes the properties of each source. Columns 1 and 2 give the IAU source designation, and where appropriate, a commonly used alias; J2000.0 coordinates are in columns 3 and 4. The optical classification and redshift are shown in columns 5 and 6, respectively; these were obtained mainly from Véron-Cetty & Véron (2003) , as discussed below. In column 7 we give a radio spectral classification for each source based on the RATAN-600 radio telescope observations of broad-band instantaneous spectra from 1 to 22 GHz (Kovalev et al. 1999 (Kovalev et al. , 2000 . These spectra are available on our web site. For the few sources which were not observed at RATAN-600, we used published (non-simultaneous) radio flux densities taken from the literature. We consider a radio spectrum to be "flat" if any portion of its spectrum in the range 0.6 GHz to 22 GHz has a spectral index flatter than −0.5 and "steep" if the radio spectral index is steeper than −0.5 over this entire region. In column 8 we indicate whether or not the radio source is associated with a gamma-ray detection by EGRET , Sowards-Emmerd et al. 2003 . Columns 9 and 10 indicate whether or not the source is a member of the complete correlated flux density limited MO-JAVE sample and the VSOP 5 GHz AGN survey source sample , Scott et al. 2004 , Horiuchi et al. 2004 . Column 11 gives references to papers reporting intra-day variability (IDV) of the source total flux density.
Of the 250 sources in the full sample, there are 179 quasars, 37 BL Lacertae objects, 23 active galaxies, and 11 sources which are optically unidentified. The MOJAVE complete sample of 133 sources includes 94 quasars, 22 BL Lacertae objects, 8 active galaxies, and 9 unidentified objects. These classifications come from Véron-Cetty & Véron (2003) , who defined a quasar as a star-like object, or an object with a starlike nucleus, with broad emission lines, brighter than absolute magnitude M B = −23.
Véron-Cetty & Véron (2003) provide a list of BL Lacertae objects, which historically were defined as bright galactic nuclei which are highly polarized in the optical regime, and for which no emission or absorption lines have been detected. The precise delineation between BL Lacs and OVV quasars remains controversial (Véron-Cetty & Véron 2000) , since the original proposed 5 Å limit (Stickel et al. 1991 ) is arbitrary (Scarpa & Falomo 1997) , and individual emission line equivalent widths are now known to be highly variable over time. Indeed the prototype, BL Lac itself, shows broad and narrow emission lines, as well as stellar absorption lines, in modern spectra: it no longer meets the classical definition of a BL Lac (Vermeulen et al. 1995) . The detectability of narrow and broad emission lines and absorption lines is set to a very significant degree by the variable continuum level, signal-tonoise ratio (SNR), starlight contribution, and other extrinsic and time-dependent factors (see, e.g., Marcha & Browne 1995) . The situation is complicated further by proposed unification schemes (Urry & Padovani 1995) , which apparently led Véron-Cetty & Véron (2003) to re-classify many BL Lacs as quasars solely on the basis of their extended 5 GHz luminosity being above the FR I/II division.
Many of the objects in our sample are blazars, which are defined as the union of the original categories of BL Lacertae objects and optically violently variable (OVV) quasars. Both groups are highly polarized and variable in the optical spectral region (e.g., Angel & Stockman 1980 ). Since we are interested in comparing the radio properties of strong and weak-lined blazars, we retain the original BL Lac classifications for these objects and indicate these and other controversial classifications in the notes to Table 1 . For our analysis, it would have been preferable to directly use optical line equivalent width data; however, high-quality, multi-epoch spectra are currently available for only a small fraction of our sample. Nevertheless, the objects originally classified as BL Lacs do, on average, have lower equivalent width spectral lines than classical quasars. This seems to be (i) partly the effect of dilution by a beamed non-thermal continuum (e.g., Wills et al. 1983) , and (ii) partly because many of these objects are intrinsically different from classical quasars as shown by their diffuse radio emission which is similar to that of FR I radio galaxy (e.g., Kollgaard et al. 1992 , Rector & Stocke 2001 . These two effects cannot be clearly separated using only VLBI data. We show here that on average objects historically called "BL Lacs" differ statistically from classical quasars in their parsec scale radio properties. Physical interpretation depends on separating the above two effects.
VISIBILITY FUNCTIONS
Our 15 GHz VLBA images, made with natural weighting of the visibility data, have a nominal resolution of 0.5 mas in the east-west direction and 0.6-1.3 mas in the north-south direction. The fringe spacing of the VSOP Survey at 5 GHz , Scott et al. 2004 , Horiuchi et al. 2004 ) is similar to that of the VLBA at 15 GHz, but the effective resolution of the VLBA is better, thanks to the relatively high SNR on the longest baselines, and to the good relative calibration of the fringe visibilities, which can be determined with self calibration using higher quality images based on many more interferometer baselines, and full hour angle coverage. Typically the dynamic range of the VLBA images (the ratio of the peak flux density to the rms noise level) is better than 1000:1 (Paper I, Paper II, Lister & Homan 2005) . Figure 2 shows the visibility function amplitudes (correlated flux density versus projected baseline length) for each source in the full sample at the epoch when the amplitude is the highest at the longest projected spacings 12 . These plots are independent of any assumptions about the source structure, imaging artifacts, or beam smoothing; and, more directly, they can show the presence of structure on scales smaller than the synthesized beam. Also, as illustrated in Figure 3 , many of these sources are variable. Changes with time in the observed visibility data, especially those on the longest baselines, corresponding to flux density variations in the unresolved components, are not easily seen in the synthesized images constructed from these data (see, e.g., Figure 1 ), but they are apparent when comparing visibility function plots. Variability characteristics will be discussed in more detail in § 5.5.
Examination of the observed amplitudes of the visibility Figure 2 suggests that they can be divided into the following categories:
(i) Barely resolved sources where the fringe visibility decreases only slowly with increasing spacing (e.g., 0235+164, 0716+714, 1726+455). For sources with good SNR, we can confidently determine that these sources are resolved even if the fractional fringe visibility on the longest baselines is as large as 0.95-0.98, which corresponds to an angular size of only 0.056-0.036 mas in the direction corresponding to the largest spacings (see the detailed discussion of the resolution criterion in § 4). There are no sources which are completely unresolved. However, the maximum resolution of the VLBA is obtained within a narrow range of position angles close to the east-west direction. In other directions, the resolution is poorer by a factor of two to three.
(ii) Sources with a well resolved component plus an unresolved or barely resolved component. In these, the fringe visibility initially decreases with increasing spacing, and then remains constant or decreases slowly (e.g., 0106+013, 0923+392, 1213−172). For these sources we can place comparable limits on the size of an unresolved feature as in case (i) above.
(iii) More complex or multi-component sources have visibility functions which vary significantly with baseline. If there is an upper envelope to the visibility function, which decreases only slowly to larger spacings, then the structure is primarily one-dimensional, and the upper envelope indicates the smallest dimension (e.g., 1045−188, 1538+149, 2007+777). If there is a well-defined lower envelope, which monotonically decreases to larger spacings (e.g., 0014+813, 0917+624, 1656+053), this may be used as a measure of the overall dimensions of the source. If minima are observed in the lower envelope (e.g., 0224+671, 2131−021, 2234+282), they correspond to the spacing of the major components.
DERIVED PARAMETERS AND MODEL FITTING
The total flux density of each image, S VLBA , is the sum of the flux densities of all components of the CLEAN model; this should be equivalent to the visibility function amplitude, S c (the correlated flux density), on the shortest projected baselines. In most cases in our sample, S c at the shortest spacings and S VLBA are equal to within a few percent, which is a consequence of the hybrid imaging procedure. We define the (u,v)-radius as r uv = √ u 2 + v 2 . The unresolved ("compact") flux density S unres is defined as the upper envelope (with 90% of the visibilities below it) of the visibility function amplitude S c at projected baselines r uv > 360 Mλ, which is approximately 0.8 r uv,max . The overall uncertainty in S VLBA and S unres is determined mainly by the accuracy of the flux density (amplitude) calibration, which we estimate to be about 5% (consistent with estimates of Homan et al. 2002) .
We have used the program DIFMAP (Shepherd 1997) to fit the complex visibility functions with simple models, consisting of two elliptical Gaussian components, one representing the VLBA core, and the other the inner part of a one-sided jet. By the "core" we mean the bright unresolved feature typ- ically found at the end of so-called "core-jet" sources; this is usually thought to be the base of a continuous jet, and does not necessarily correspond to the nucleus of the object. The main objective of our procedure was to obtain a robust characterization of the core. We have verified the suitability of our method for that purpose in several ways. Varying the initial values for the iterative fitting procedure did not significantly change the final core parameter values. Using more complex models consisting of three or four components also did not significantly change the parameter values for the core component in most sources, even fairly complex ones; instead, the additional components tend to cover additional parts of the jets. We have also compared the modeling results obtained in this study with the more elaborate models obtained for all MOJAVE sources in the work of Lister & Homan (2005) ; those models were built up by adding new components until the thermal noise level was reached in the residual image. For about 90 % of the sources in which the core was modeled by Lister & Homan (2005) as an elliptical Gaussian component, the parameters derived by the two methods agree to within 10 %. However, for 23 sources with complex structure we found that a two-component model overestimates the flux density and the angular size of the core, and we have added more components to model these sources. We do not present or use any modeling results for an additional 11 sources, which have very complex structure, such as the two-sided radio galaxy NGC 1052 (Vermeulen et al. 2003 , see also the sources in Figure 2 , Paper III). We conclude that, for most of the sources in our sample, the core can be characterized accurately and robustly with the two-component modeling method used, because the beamed emission of the compact core dominates the 15 GHz structure (median value of S core /S VLBA = 0.80 for the full sample).
In about one quarter of the datasets the core is only slightly resolved on the longest baselines. Following Lobanov (2005) we derive a resolution criterion for VLBI core components, by considering a visibility distribution V(r uv ) corresponding to the core. V(r uv ) is normalized by the flux density S core , so that V(0) ≡ 1. The core is resolved if 1 − V(r uv,max ) ≤ σ core /S core = 1/SNR.
(1) Here, σ core is the rms noise level in the area of the image occupied by the core component (to exclude possible contamination from the jet). In order to measure σ core for each dataset, we have first subtracted the derived model from the image and then used the residual pixel values in the area of the core component convolved with the synthesized beam (truncated at the half-power level). For naturally weighted VLBI data, the beam size, with major and minor axes b maj and b min measured at the half-power point, yields the largest observed (u,v)-spacing as follows: r uv,max = (π b maj b min ) −1/2 . The visibility distribution corresponding to a Gaussian feature of angular size d is given by V(r uv ) = exp[−(π d r uv )2/(4 ln 2)]. With these relations, the resolution criterion given by equation (1) yields for the minimum resolvable size of a Gaussian component fitted to naturally weighted VLBI data:
Here, b ψ is the half power beam size measured along an arbitrary position angle ψ. For all datasets we have derived θ lim corresponding to the position angles of the major and minor axis (θ maj , θ min ) of the fitted Gaussian core component. Whenever either one or both of the two axes were smaller than the respective θ lim , the Gaussian component was considered to be unresolved. θ lim was then used as an upper limit to the size of the component, which yields a lower limit to its brightness temperature. It should be noted that, at high SNR, θ lim can be significantly smaller than the size of the resolving beam and the Rayleigh limit. This is the result of applying a specific a priori hypothesis about the shape of the emitting region (a two-dimensional Gaussian, in our case) to fit the observed brightness distribution. A similar approach is employed to provide the theoretical basis for the technique of super resolution (Bertero & De Mol 1996) .
In our analysis we have also used the total flux density S tot at 15 GHz, determined from observations with single antennas. We have incorporated the data from the University of Michigan Radio Astronomy Observatory monitoring program (UMRAO, Aller et al. 1985 Aller et al. , 1992 Aller et al. , 2003 13 as well as instantaneous 1-22 GHz broad-band radio spectra obtained during the long-term monitoring of compact extragalactic sources with the RATAN-600 radio telescope of the Special Astrophysical Observatory (Kovalev 1998 , Kovalev et al. 1999 . We have interpolated the UMRAO observations in time, and the RATAN-600 data in both frequency (between 11 and 22 GHz) and time to obtain the effective filled aperture total flux density, S tot , at the epoch and frequency of the VLBA observations. The main contribution to the total uncertainty on the S tot values comes from the non-simultaneity of the VLBA and the single dish observations. This can give errors up to 20-30%, but the typical uncertainties are below 5%. Figure 4 shows the distributions in our sample of the total flux densities, S tot , from single dish measurements, and the correlated flux densities, S unres , from long VLBA spacings. The peak in the distribution of S tot corresponds to our nominal flux density limit of 1.5 or 2 Jy (depending on declination). The tail to lower flux densities in both panels is due to variability, and in the full sample (left hand panel) the tail also includes some sources of particular interest, which we included in the observations, but which did not meet our flux density criteria. Figure 5 gives the distributions of the "indices of compactness" on arcsecond scales, S VLBA /S tot , and sub-mas scales, S unres /S VLBA , as well as of the VLBA core dominance, S core /S VLBA .
Many sources in our sample have considerable flux on spatial scales sampled by the longest VLBA baselines. In the lower left hand panel of Figure 4 , we see that more than 90% of the sources have an unresolved flux density greater than 0.1 Jy at projected baselines longer than 360 million wavelengths, while the middle left panel of Figure 5 shows that FIG. 6.-The non-weighted mean of the fringe visibility versus projected spacing for the MOJAVE sample. The distribution is normalized to 1.0 at 25 million wavelengths. Visibility data at the epoch with the maximum correlated flux density at maximum VLBA spacings for each source is used. Before averaging over the samples, the fringe visibility amplitude for each source was binned and averaged. Vertical bars represent the ±1σ formal error, horizontal bars -intervals of visibility data (ten bins in total). The lines represent the best fitting two-component models. See model parameters in Table 3. 68% of the sources have a median S unres /S VLBA > 0.5. Table 2 lists, for each source, flux densities and model fitting results (as well as some other data) at the epoch for which its unresolved flux density S unres was greatest. These data will be of value for various purposes, including planning future VLBI observations using Earth-space baselines. For 163 of these sources, the median flux density of the most compact component is greater than 0.5 Jy.
We have compared the measured values of S VLBA and S tot . Figure 5 indicates that there are no significant systematic errors in the independently-constructed VLBA/RATAN/UMRAO flux density scales. The median compactness index on arcsecond scales, S VLBA /S tot , is 0.91 for the full sample and 0.93 for the MOJAVE sample, which indicates that for most sources the VLBA image contains nearly all of the flux density. Some sources have an apparent compactness on arcsecond scales S VLBA /S tot > 1. Most likely, this is due to source variability and the non-simultaneity of the VLBA and single antenna observations. Sources with compactness index close to unity (see Table 2 ) are well-suited as calibrators for other VLBA observations.
Source Classes
The curves in Figure 6 show the mean visibility amplitude versus projected (u,v) spacing, averaged over all sources in the MOJAVE sample, and averaged over the MOJAVE quasars, BL Lacs, and active galaxies, separately. The best fitting parameter values for a model consisting of two Gaussian components are listed in Table 3 for each of these mean visibility curves.
The active galaxies are, on average, the least VLBA core dominated and the least compact on arcsecond ( Figure 5 ) and sub-mas (Figures 5 and 6, and Table 3 ) scales. The fact that the relative contribution of an extended component (i.e. a jet) is significantly greater for active galaxies is consistent with unification models in which radio galaxies are viewed at larger angles to the line of sight than BL Lacs or quasars (e.g., Antonucci et al. 1987 , Antonucci 1993 , Urry & Padovani 1995 , Wills 1999 , so that the latter have higher Doppler factors, their cores are more boosted, and thus they appear more core dominated. The KolmogorovSmirnov (K-S) test confirms that for both the full and the MOJAVE sample the probability is less than 1% that the active galaxies have the same parent distribution as the quasars or the BL Lacs with regard to their compactness on arcsecond scales, S VLBA /S tot , or their compactness on sub-mas scales, S unres /S VLBA ; with regard to their core dominance, S core /S VLBA , the probability is less than 2%.
For the BL Lacs versus quasars, K-S tests were inconclusive. However, Figure 6 and Table 3 show that the BL Lacs are, on average, even more compact on sub-mas scales than the quasars. We have also found this distinction between subsamples of quasars and BL Lacs chosen to have statistically indistinguishable redshift distributions. The differences between the quasars and the BL Lacs in angular size at sub-mas scales in the sample as a whole are therefore not related to the different overall redshift distributions of these groups. As discussed in § 2, classifying objects is a complex issue, particularly with regard to BL Lacs. With our tabulated data, others could repeat the analysis using their own classification procedure if desired. However, the optical classification scheme we have used is evidently "clean" enough that, after the fact, it turns out to correspond to differences in radio compactness. We cannot image any hypothetical optical classification bias which could be fully responsible for the correspondence with radio compactness, and we conclude that it is an actual physical phenomenon.
Our sample does not show a significant dependence on redshift of the index of compactness on sub-mas scales, S unres /S VLBA , although the few heavily resolved sources are mostly active galaxies at low redshift. Horiuchi et al. (2004) have presented a plot, similar to Figure 6, based on 5 GHz VLBA and VSOP observations of 189 radio sources which cover a comparable range of spatial frequencies as our 15 GHz VLBA data. They find that the average fringe visibility in the range 400 to 440 million wavelengths is 0.21-0.24. For the 116 sources in common to the two samples (see Table 1 ), we find an average fringe visibility at 15 GHz of about 0.6. The compact component emission dominates at 15 GHz (>75%, see Table 3 ), but not at 5 GHz (40%, Horiuchi et al. 2004 ). This reflects the fact that the 5 GHz observations detect a larger contribution from steep spectrum optically thin large scale components. The 5 GHz VSOP survey sample and our 15 GHz VLBA sample are not identical, but this result is confirmed if only the subset of overlapping Pearson-Readhead VSOP survey sources (Lister et al. 2001 , Horiuchi et al. 2004 ) is used for comparison. Figure 7 shows distributions of the core parameters. The ratio of the major axis of the core to the beam width in the same direction varies by more than an order of magnitude, so, in most cases, we believe that our measured core dimensions are not an artifact of the finite beam size.
Frequency Dependence

Brightness Temperatures
The cores are always resolved along their major axis. However, for 158 sources in our full sample, there is at least one epoch at which the core component appears unresolved along the minor axis, where it is then typically less than 0.05 mas in size. In 19 of these sources, including 5 BL Lacs, the core is unresolved along the minor axis at all observed epochs. Figure 8 shows the distribution of the difference between the position angle of the major axis of the core, PA core , and the jet direction, PA jet ; the latter was taken to be the median over all epochs of the position angle of the jet component with respect to the core. All possible values of |PA core − PA jet | between 0
• and 90
• are observed. Not unexpectedly, the peak of the distribution is close to zero; that is, the Gaussian component representing the core is typically extended along the jet direction. For the majority of sources which have multi- epoch modeling data, the orientation of the core is stable in time, with a scatter around the average PA core of less than 10
• . Figure 8 also demonstrates that the position angle of the core is not correlated with the position angle of the VLBA beam, so that the measured core orientation is, in most cases, not distorted by the orientation of the VLBA beam.
The brightness temperature of a slightly resolved component in the rest frame of the source is given by
where S core is the flux density of a VLBA core, θ maj and θ min are the full width at half maximum (FWHM) of an elliptical Gaussian component along the major and the minor axis, λ is the wavelength of observation, z is the redshift, and k is the Boltzmann constant. Observing at λ = 2 cm with S core measured in Jy, and θ maj and θ min in mas, we can write
The brightness temperature can also be represented in terms of an effective baseline D = λ/ θ maj θ min . If D is measured in km and S core in Jy, we have
which is independent of wavelength and depends only on the physical length of the effective projected baseline and on the core flux density. For sources without measured redshift (see Table 1 ) we use z = 0 to define a limit to T b . Paper I and Paper II gave conservative estimates of the observed peak brightness temperature based on the observed angular size, which is the intrinsic size convolved with the VLBA beam width. Here, we derive the core brightness temperature using the dimensions or upper limits obtained from direct modeling of the complex visibility functions. For many sources, the effective resolution is an order of magnitude better than given by Paper I and Paper II, so the corresponding derived brightness temperatures are as much as a factor of 100 greater. The median value of these VLBA core brightness temperatures, shown in Figure 9 , is near 10 12 K; they extend up to 5 × 10 13 K. This is comparable with brightness temperatures derived from VSOP space VLBI observations , Frey et al. 2000 , Tingay et al. 2001 , Horiuchi et al. 2004 ). In many cases our measurement refers only to the upper limit of the angular size, corresponding to FIG. 9 .-Distributions of the maximum observed VLBA core brightness temperature in the source frame. Each bin covers a factor of two in brightness temperature.
our minimum resolvable size derived using equation (2). The effective resolution depends on the maximum baseline and on the signal-to-noise ratio near the maximum resolution. The true brightness temperatures of many sources may extend to a much higher value, beyond the equipartition value of 10 11 K (Readhead 1994 , Singal & Gopal-Krishna 1985 or the inverse Compton limit of 10 12 K (Kellermann & Pauliny-Toth 1969). These high brightness temperatures are probably due to Doppler boosting, but transient non-equilibrium events, coherent emission, emission by relativistic protons, or a combination of these effects (e.g., Kardashev 2000 , 2003 may also play a role.
If the high observed brightness temperatures are due to Doppler boosting, and if the range of intrinsic brightness temperatures, T int , is small, there should be a correlation between the apparent jet velocity, β app , and the observed brightness temperature. For those sources listed in Paper III, Figure 10 shows the fastest observed jet velocity against the maximum observed brightness temperature of their core. While this plot contains mostly lower limits to the brightness temperature, there are no sources with a low brightness temperature and a high observed speed; conversely, the highest speeds are observed only in sources with a high brightness temperature. This is the trend which we would expect if the observed brightness temperatures are Doppler boosted with T obs = δT int , where δ is the Doppler factor. At the optimum angle ϑ to the observer's line of sight for superluminal motion, β = cos ϑ, β app = δ and therefore T obs ≃ β app T int . As shown in Figure 10 , with T int = 10 11 K, this curve tracks the trend of the data. Of course, the actual jet orientations deviate from the optimum viewing angle given by β = cos ϑ, and many of our brightness temperature estimates are lower limits. Both of these factors lead to a spread in the data, so we should not expect a tight correlation along the plotted line; however, the general agreement between the trend of the data and this simple model supports the idea that the intrinsic brightness temperatures have been Doppler boosted by the same relativistic motion that gives us the observed component speeds. We note that there are some sources with high brightness temperatures but low speeds. This is expected, as some sources will have an angle to the line of sight much smaller than β = cos ϑ, and those sources will have a small apparent motion but will still be highly beamed (M. H. Cohen et al., in preparation) .
For those sources where there are multiple epochs of observation, the core parameters, in particular the observed brightness temperatures, vary significantly with time. Population modeling of the distribution of brightness temperature, as well as comparisons with the results of other VLBI surveys (e.g., Lobanov et al. 2000) may give insight into the distributions of intrinsic brightness temperatures and Doppler factors.
We have not found any significant correlation between red- shift and brightness temperature. This is in agreement with the 5 GHz VSOP results of Horiuchi et al. (2004) .
Variability
The long term cm-wave monitoring data on our sources from UMRAO and RATAN show complex light curves with frequent flux density outbursts (e.g., Aller et al. 2003 , Kovalev et al. 2002 . These outbursts are thought to be associated with the birth of new compact features, which are often not apparent in VLBI images until they have moved sufficiently far down the jet. Changes usually appear sooner in the visibility function (Figure 3) , which in the case of our data, probes angular scales roughly 10 times smaller than the typical image restoring beam.
Most new jet features typically increase in size and/or decrease in flux density after a few months to years as a result of adiabatic expansion and/or synchrotron losses. However, an interesting exception is M 87 (1228+126), where the most compact feature appears to remain constant (Figure 3 ), although the larger scale jet structure shows changes by up to a factor of two in correlated flux density. This unusual behavior, which was first noted by Kellermann et al. (1973) , is remarkable in that the dimensions of this compact stable feature are only of the order of ten lightdays or less. This weak ( 0.2 Jy) stable feature in the center of M 87 may be closely associated with the accretion region. More sensitive observations with comparable linear resolution might show similar phenomena in more distant sources, but such observations will only be possible with large antennas in space.
We define a variability index as V X =
Xmax−Xmin
Xmax+Xmin . Figure 11 shows distributions of the variability indices V Stot , V SVLBA , and V Sunres , as well as, to represent the cores, V Score , V θmaj , and V Tb . As expected, the variability indices for the flux density become larger with improved resolution, going from median values of V Stot = 0.27 and V SVLBA = 0.30 to V Score = 0.42 and V Sunres = 0.45. For about 68% of the sources, the flux density of the core has varied by a factor of 2 or more, that is V > 1/3. Similarly, the size of the core major axis, θ maj , changed by as much as a factor of 5, or V > 2/3, in some cases. Probably, this is due to the creation or ejection of a new component, which initially is FIG. 12. -Distributions of the median compactness index on submilliarcsecond scales Sunres/S VLBA (upper panels), the VLBA core dominance Score/S VLBA (middle panels) and maximum brightness temperature T b,max (lower panels) for IDV selected and non-selected sources. We separate IDVs with high modulation index (m > 0.02 observed at least once -"high IDV") from ones with low modulation index (measured values of modulation index always less than 0.02 or are not reported -"low IDV").
not resolved from the core, but then separates from it, causing first an apparent increase, and then an apparent decrease in the strength and size of the core. The observed strong variability of the brightness temperatures (median V Tb = 0.82) may reflect strong variations of particle density (due to ejections) and/or magnetic field strength. The most variable sources tend to have the most compact structure. A variability index V SVLBA > 0.6 is observed for nine sources, all but one of which have sub-mas compactness S unres /S VLBA ≥ 0.75.
Intra-Day Variable Sources
We have used the results of several IDV search and monitoring programs at the Effelsberg 100 meter telescope, the VLA, and the ATCA at 1.4 to 15 GHz (Quirrenbach et al. 1992 , Kedziora-Chudczer et al. 2001 , Bignall et al. 2002 , Kraus et al. 2003 , Lovell et al. 2003 , to identify IDV sources in our sample (Table 1) . The biggest and most complete IDV survey so far, the 5 GHz MASIV survey (Lovell et al. 2003) , started at the VLA in 2002; the first results reported by Lovell et al. suggest that 85 of 710 compact flat-spectrum sources are IDVs. The MASIV data, however, are not yet fully published. We have labeled a source in our sample as an IDV if there is a published statistically significant detection of flux density variations on a time scale of less that 3 days (72 hours). However, we are not able to identify all of the potential IDV sources in our sample consistently, because some sources are not (yet) listed in any of the published IDV survey results, and also because intra-day variability is a transient phenomenon, and not all sources were monitored equally well. Figure 12 shows the distribution of the sub-mas compactness index, S unres /S VLBA ; the median value over all observing epochs was taken for each source. The median VLBA core dominance, S core /S VLBA , and the maximum brightness temperature are also shown. The full and the MOJAVE sample are shown separately, and we have separated IDVs with high modulation index (m > 0.02 observed at least once) from ones with low modulation index (measured values of modulation index always less than 0.02, or not reported).
We find that IDV sources have more compact and more core dominant structure on sub-milliarcsecond scales (Table 4) than non-IDV sources. IDVs with a higher amplitude of intra-day variation tend to have a higher unresolved flux density, S unres . The results for core dominance are in agreement with previous findings (e.g., Witzel & Quirrenbach 1993 , Ojha et al. 2004 . A K-S test yields a probability of less than 1% for both the full and the MOJAVE sample that the sub-mas compactness (Figure 12 ) has the same parent distribution for IDV and non-IDV sources.
One might expect IDV behavior in almost all the sources with high visibility amplitude at long VLBI spacings. However, this was not observed by IDV surveys, perhaps because of the intermittent nature of the IDV phenomenon.
Some IDV observations have suggested apparent brightness temperatures up to 10 15 K if they are due to interstellar scintillations, and up to 10 21 K if they are intrinsic (e.g., Kedziora-Chudczer et al. 1997 ). More recently, IDV observations of Lovell et al. (2003) have shown typical brightness temperature values of the order of 10 12 K, consistent with our results (Figure 12 ). However, as seen from equation (5), the highest brightness temperature which we can reliably discern is of the order of 10 13 K, so we are not able to comment on the evidence for the extremely high brightness temperatures and the corresponding high Lorentz factors inferred for some IDV.
Gamma-ray Sources
The third catalog of high energy gamma-ray sources detected by the EGRET telescope of the Compton Gamma Ray Observatory (Hartman et al. 1999 ) includes 66 highconfidence identifications of blazars , Sowards-Emmerd et al. 2003 . While the gamma-ray sources were identified with flat-spectrum extragalactic radio sources (α > −0.5, not all flat-spectrum sources have been detected as gamma-ray sources. This is not necessarily indicative of a bi-modality in the gamma-ray loudness distribution of extragalactic radio sources (such as that found at radio wavelengths), since the sensitivity level of EGRET was such that many sources were only detected in their flaring state. With the next generation of gamma-ray telescopes, such as GLAST (Gehrels & Michelson 1999) , the sensitivity may be sufficient to actually separate the classes of gamma-ray loud and gamma-ray quiet objects and to define the relationship be- FIG. 13. -The non-weighted mean of the fringe visibility versus projected spacing. The distribution is normalized to 1.0 at 25 million wavelengths. The visibility data at the epoch with the maximum correlated flux density Sunres is used for each source. The sample is divided into "gamma-ray bright" (EGRET detections) and "gamma-ray weak" (EGRET non-detections) sources (see Table 1 for details). The lines represent the best fitting two-component models. See model parameters in Table 3. tween radio and gamma-ray emission of the sources properly.
For the purpose of our test we have grouped the "highly probable" and "probable" EGRET identifications (Table 1) together, which yields 52 "EGRET detections" out of 250 objects for the full and 35 out of 133 for the MOJAVE sample.
In Paper I we did not find any clear differences in the submilliarcsecond scale structure between the EGRET (20% of our radio sample) and non-EGRET sources. However, we find here that the sub-mas compactness, S unres /S VLBA , for EGRET detections is, on average, greater than for the EGRET nondetections. This can be seen in Figure 13 which shows the mean visibility function amplitudes versus projected spacing for EGRET detected and non-detected sources, for the full and MOJAVE samples. For both samples, the EGRET detected sources have, on average, a higher contribution of compact VLBA structure (see Table 3 for the parameters of the twocomponent fit). This comparison is valid because the EGRET detected and non-detected blazars in our sample have indistinguishable redshift distributions. This result still holds if we exclude the GPS and steep spectrum sources, which are generally gamma-ray weak (see, e.g., Mattox et al. 1997) . The difference is more pronounced for the full sample, which is not selected on the basis of the VLBI flux density. The difference for the MOJAVE sample is small, but remains significant. These results suggest that a connection may exist between gamma-ray and beamed radio emission from extragalactic sources on sub-milliarcsecond scales, as has already being argued by others (e.g., Jorstad et al. 2001 ).
SUMMARY
We have analyzed visibility function data of 250 extragalactic radio sources, obtained with the VLBA at 15 GHz. Almost all of the radio sources in our sample have unresolved radio emission brighter than 0.1 Jy on the longest VLBA baselines. For 171 objects, more than half of the flux density comes from unresolved features. We have compiled a list of 163 sources with unresolved structure stronger than 0.5 Jy, which will form a target list of special interest for planned space VLBI observations such as RadioAstron, VSOP-2, and ARISE.
A few of the sources have an overall radio structure which is only slightly resolved at the longest spacings. Their total angular size is less than about 0.05 mas, at least in one dimension, at some epochs. However, even though most sources in our full sample are extended overall, there are 158 sources in which the VLBA core component appears unresolved, usually smaller than 0.05 mas, again in one direction, at least at one epoch. For 19 of these, the core was unresolved at all epochs.
The distribution of the brightness temperature of the cores peaks at 10 12 K and extends up to 5 × 10 13 K; this is close to the limit set by the dimensions of the VLBA. However, for many sources we only measure a lower limit to the brightness temperature. There is evidence that the observed brightness temperatures can be explained as the result of Doppler boosting, but transient phenomena, coherent emission, or synchrotron emission by relativistic protons may also be important.
On sub-milliarcsecond scales, active galaxies are on average larger and less core dominated than quasars, which is consistent with unification models in which the latter are viewed at smaller angles to the line of sight. Additionally, the weaklined objects classified as BL Lacs tend to be smaller than the broad-lined quasars in our sample. IDV sources show a higher compactness and core dominance on sub-mas scales than non-IDV ones. IDVs with a higher amplitude of intraday variation tend to have a higher flux density in an unresolved component. The most variable sources tend to have the most compact structure. EGRET-detected radio sources show a higher degree of sub-mas compactness than non-EGRET sources, supporting emission models which relate the radio and gamma-ray emission, such as inverse Compton scattering (see, e.g., Bloom & Marscher 1996) . The National Radio Astronomy Observatory is a facility of the National Science Foundation operated under cooperative agreement by Associated Universities, Inc. The University of Michigan Radio Astronomy Observatory has been supported by the University of Michigan Department of Astronomy and the National Science Foundation. Part of this work was done by MLL and DCH during their Jansky Postdoctoral Fellowships at the National Radio Astronomy Observatory. This work was supported partially by the NASA JUR-RISS program (W-19611), NSF (0406923-AST), and by the Russian Foundation for Basic Research (02-02-16305, 05-02-17377). MK was supported through a stipend from the International Max Planck Research School for Radio and Infrared Astronomy at the University of Bonn. This research has made use of the NASA/IPAC Extragalactic Database (NED) which is operated by the Jet Propulsion Laboratory, California Institute of Technology, under contract with the National Aeronautics and Space Administration. We thank the referee, Ski Antonucci, for many helpful comments, which have led us in particular to clarify the relationship between source classifications and our statistical results. Carilli et al. (1998) , that of 0138−097 is from Stocke & Rector (1997) , that of 0333+321 is from Small et al. (1997) , that of 0415+379 is from Eracleous & Halpern (2004) , that of 0742+103 is from Best et al. (2003) , that of 0808+019 is from Jackson et al. (2002) as a tentative value, that of 1519−273 is from Heidt et al. (2004) , that of 2128+048 is from Stickel et al. (1994) ; (7) Description of radio spectrum (see § 2); (8) EGRET gamma-ray source identification according to Mattox et al. (2001) (first letter) and Sowards-Emmerd et al. (2003 ) (second letter), where Y = highly probable identification, P = probable identification, N = no identification; 1652+398 and 2255−282 are not identified in Mattox et al. (2001) , Sowards-Emmerd et al. (2003 , the highly probable EGRET identifications are from Kataoka et al. (1999) and Bertsch (1998 ), Macomb et al. (1999 , Tornikoski et al. (1999) respectively; (9) Indicator for the correlated flux density limited MOJAVE sample (see § 2); (10) Indicator for the VSOP 5 GHz AGN survey sample, where A = VSOP AGN survey sample observed with VSOP, B = VSOP AGN survey sample not yet observed with VSOP, C = VSOP AGN survey sample being too faint to be observed with VSOP (Horiuchi et al. 2004 have analyzed sample members A and C; in the latter case, 5 GHz VLBA data only were used), PR = Pearson-Readhead VSOP survey sample (Lister et al. 2001) ; (11) Paper reporting on fast variations from the source on the time scale less than 2-3 days: 1- Quirrenbach et al. (1992 ), 2-Quirrenbach et al. (2000 ), 3-Kedziora-Chudczer et al. (2001 ), 4-Kraus et al. (2003 ), 5-Lovell et al. (2003 ), 6-Ojha et al. (2004 ), 7-Bignall et al. (2002 . The reference number is printed in bold if the modulation index m > 0.02 is reported in the paper. Table lists , for each source, parameters at the epoch for which its unresolved flux density Sunres was greatest. The full version of this table with data for all the epochs observed is available in electronic form only. Column designation: (1) IAU source name; (2) epoch of observations (YYYY/MM/DD); (3) filled-aperture (singe antenna) flux density interpolated to the epoch from column (2) (Jy); (4) total CLEAN flux density of map SVLBA (Jy); (5) flux density from the most compact component of map Sunres (Jy); (6) as an exception, we present here the median value of SVLBA/Stot over all available epochs (SVLBA/Stot is only slightly variable if it is close to unity, which is the case for the most sources); (7) flux density, Score, for a VLBA core component (Jy); (8) FWHM major axis of the VLBA core component θmaj (mas); (9) FWHM minor axis of the VLBA core component θmin (mas); (10) brightness temperature of a VLBA core component (K); (11) position angle of the jet PAjet (degrees) defined as the median of the position angle of the second component location w.r.t. the core position in our model from the multi-epoch observations; (12) number of epochs of observations / number of epochs when the source core is unresolved at least in one direction. 
